Abstract. Despite the advances in computing resources in the recent years, the majority of large wind-turbine rotor design problems still rely on aero-elastic codes that use blade element momentum (BEM) approaches to model the rotor aerodynamics. The present work describes an approach to wind-turbine rotor design by incorporating a higher-fidelity free-wake panel aero-elastic coupling code called MIRAS-FLEX. The optimization procedure includes a series of design load cases and a simple structural design code. Due to the heavy MIRAS-FLEX computations, a surrogate-modeling approach is applied to mitigate the overall computational cost of the optimization. Improvements in cost of energy, annual energy production, maximum flap-wise root bending moment, and blade mass were obtained for the NREL 5MW baseline wind turbine.
Introduction
Wind-turbine blade design is a complex iterative process, which requires knowledge in several areas of engineering. In the past, blade plan-form design was performed using simple analytical expressions based on wind-turbine rotor aerodynamics only, see e.g. [1] and [2] . Today, the advances in computing resources have permitted solution of sophisticated numerical optimization problems involving two or more disciplines in the design process [3, 4] . Despite the advances in computing techniques in the recent years, the majority of blade design problems still rely on aero-elastic codes that use blade element momentum (BEM) approaches to model the rotor aerodynamics. The present work describes an approach to wind-turbine rotor design by incorporating a higher-fidelity free-wake panel aero-elastic coupling code called MIRAS-FLEX [5] .
The work objectives were:
(i) To develop an efficient optimization framework for wind-turbine blade design using a highfidelity aero-elastic model; (ii) To create a preliminary design of a 5MW wind-turbine blade using the developed design framework.
Methodology
This section describes the methodology used in the large wind-turbine rotor design framework. First, the optimization problem is shown, then the MIRAS-FLEX code, structural design code, and surrogate modeling components of the framework are described.
Optimization problem
The design objective is to minimize the cost of energy (COE):
where the subscript, ref, denotes the reference blade. The vector x contains a total of n variables that are real numbers, R. The design variables, x = [x 1 , x 2 , . . . , x n ], are control points (CPs) that define the chord, twist and relative thickness as a function of blade span, see Figure 1 . Bsplines [6] are used to parameterize the chord and twist distributions, while linear interpolation is used for the relative thickness distribution. Only two CPs each for the chord, twist, and relative thickness distributions at the outboard of the blade are optimized. The upper (U ) and lower
are the upper and lower limits of the CPs, while the non-linear inequality constraint, g c ≤ 0, is to promote monotonically decreasing chord, twist, and relative thickness. The boundary and non-linear inequality constraints are required to ensure feasible blade designs. Figure 1 . Blade geometry parameterization method fitted to the NREL 5MW baseline wind turbine [7] , where r/R is the normalized blade radius.
Following [8] , COE is calculated as:
where FCR is fixed charge rate, TCC is turbine capital cost, BOS is balance of station, AOE is annual operating expenses, and AEP is annual energy production. FCR, TCC, and BOS are obtained from the NREL Wind Turbine Design Cost and Scaling Model [8] . AOE was neglected because it gives an incentive to reduce AEP, see underlying equations in [8] . MIRAS-FLEX is used to compute AEP, see subsection 2.2, while a code based on classical laminate theory called PreComp [9] to compute the blade mass, see subsection 2.3. The rotor mass was computed from PreComp instead of the scaling law in [8] to estimate TCC.
Higher-fidelity aero-elasic code: MIRAS-FLEX
The aero-elastic code, MIRAS-FLEX [5] , is composed of a free-wake panel code called MIRAS [10] , and the elastic beam model of FLEX5 [11] , see Figure 2 . MIRAS is used to compute the aerodynamic flow solution while FLEX5 predicts the structural dynamics. MIRAS-FLEX uses a predictor-corrector and loosely-coupled approach to couple 22 degrees of freedom (DOFs) from FLEX5 with MIRAS. MIRAS will be described first, then FLEX5. Method for Interactive Rotor Aerodynamic Simulations, MIRAS, is a three-dimensional (3D) viscous-inviscid interactive solver for horizontal-axis wind turbine (HAWT) computations. The solver predicts the aerodynamic behavior of wind-turbine wakes and blades for steady and unsteady conditions. The MIRAS code consists of an inviscid and a viscous part. The inviscid part is a 3D panel method using a surface distribution of quadrilateral sources and doublets. The viscous part is solved in blade cross-sections using the integral viscous boundary layer solver, Q 3 UIC [12] . Transpiration velocity data from Q 3 UIC is used to modify the inviscid solution from MIRAS and take the viscous effects into account. A free-wake model simulates the wake behind the wind-turbine rotor using vortex filaments that carry the vorticity shed by the blades trailing edges. The MIRAS code is parallelized using message passing interface (MPI) software from Oracle Solaris Studio version 12.3 [13] .
FLEX5 is an aero-elastic program developed by Øye [11] to model the dynamic behavior of HAWTs operating in specified wind conditions, such as simulated turbulent wind. The program runs in the time-domain producing time-series of loads and deflections. Aerodynamics are calculated using the BEM method with additional models important for unsteady and yaw and/or tilt conditions. Such models include dynamic wake and dynamic stall models, see e.g. [14] [15] [16] . The structural behavior of the wind turbine is modeled using the principle of virtual work and carefully selected DOFs. Modal shape functions are used for the deflections of the blades and tower, while stiff bodies connected by flexible hinges model the nacelle, rotor shaft, and hub. FLEX5 contains a total of 28 DOFs, where six of the 28 DOFs describe the deformations of a flexible foundation which are not used in the present work. 
Structural design code
A simple optimization tool to design the internal structure of large wind-turbine blades has been developed and included in the rotor design framework. The tool uses a combination of the classical laminate theory using a shear flow approach to compute blade structural properties, PreComp [9] , a finite-element code to compute the blade coupled mode shapes, BModes [17] , the Euler-Bernoulli beam theory to compute blade deflections and strains [18] , and the BEM-based aero-elastic code FLEX5 to compute the design load cases (DLCs). The objective is to minimize the blade mass subject to a number of boundary and non-linear inequality constraints:
where 3 ω rotor is the rotor blade passing frequency, SF is a safety factor, δ max is the maximum allowable tip deflection, ultimate,tension and ultimate,compression are the ultimate tensile and compressive strain, respectively, and η max is the maximum allowable buckling coefficient set to 0.5. The buckling coefficient, η, is computed for the spar-caps only, and assumes that the spar-beam is modeled as a long orthotropic plate under uni-axial compression with all edges simply supported [19] . Skin and panel buckling are not considered. The tip deflection, δ tip , as well as the tensile ( tension ) and compressive ( compression ) strain are calculated from EulerBernoulli beam theory. The natural frequencies for the first flap-wise and edge-wise blade modes, ω, are obtained from BModes. All constraints are scaled to prevent bias and improve optimizer performance. A box-spar layup is assumed for the internal blade structure, where the design variables, y, are the spar-cap thickness and web layup (or spar width), see Figures 3 and 4. The spar-cap thickness distribution is defined by eight CPs, while the web layup is defined by the chord-wise locations of the two span-wise endpoints for each web (i.e. four CPs for a two-web layup). Linear interpolation is performed to obtain values in-between the CPs. Upper (y U k ) and lower (y L k ) bounds of the spar-caps and webs are used to prevent them from merging into each other and into different sectors of the cross-section, as well as becoming negative. Figure 4 . Optimal spar-cap thickness (left) and web layup (right) for the NREL 5MW baseline wind turbine [7, 20] .
computed, see Table 1 . Both the control tunning as well as the DLC computations are performed using FLEX5 and assuming stiff blades. MIRAS-FLEX is not used here because a significant portion of the cluster is needed to perform the task quickly in parallel (i.e. cluster needs to be shared with other users). Turbulent wind during normal and abnormal turbine operation was not considered. For the preliminary blade design stage, steady wind models are used in this paper for simplicity and speed. DLC 6.1 and 6.3 are computed in 5 • yaw error increments/decrements ranging from 30 • and -30 • (i.e. 13 load cases in total for DLC 6.1 and 6.3). The bending moments normal and tangential to the rotor plane from all DLCs are collected to determine the most impactful load cases. The worst-case loads are then transferred to the optimizer, which calls a structural module for a number of iterations to find the minimum blade mass. The inputs to the structural module are the DLC loads and y. The vector y is used to create a structural layup and compute the objective, while the DLC loads together with the blade structural properties are used to compute the structural constraints. The MATLAB optimizer, fmincon [23] , modifies y to minimize the objective up to at least a local minimum and also satisfy all constraints. Notice that the design of the controller as well as the inner structure are based on a rigid turbine, see Figure 5 . In a fully aero-elastic design approach, Steps 2 to 4 should be repeated until convergence, where the blade stiffness distributions found from Step 4 are used to update the stiffness distributions used in Steps 2 and 3. Although not too difficult to implement, the fully aero-elastic design approach was omitted for simplicity, robustness, and faster code execution.
Surrogate modeling
MIRAS-FLEX requires much more computational time than BEM-based aero-elastic codes. Therefore, the number of calls to MIRAS-FLEX in a numerical optimization problem must be kept to a minimum. Surrogate optimization uses a mathematical model for searching local or global optima rather than the black-box function directly [24] . When a black-box function is computationally expensive, e.g. MIRAS-FLEX, surrogate optimization can achieve significant savings in computational time compared to conventional optimization methods [24] . A surrogatebased optimization code developed by the authors [25] is used in the present blade design framework. In general, surrogate-based optimization consists of three steps to find the minimum of a function:
(i) creating a sampling plan; (ii) constructing a surrogate, and; (iii) searching and exploiting the surrogate.
The sampling plan is created using the Latin hypercube sampling technique [25, 26] , the surrogate is constructed using a radial basis function, and prediction-based exploitation [25, 26] is used to search and exploit the surrogate. A radial basis function is expressed as:
where f is the surrogate approximation to the scalar-valued objective function, f (see Problem (1)), x is the design variable vector, w is a vector containing the values of the weight coefficients w i from i = 1, . . . , n c , and ψ is the n c -vector containing the values of the basis functions ψ. A cubic basis function, ψ(r b ) = r 3 b , is used where r b = x−c (i) is from Equation 4 . The values of the basis functions are evaluated at the Euclidean distances between the prediction site x and the centers c (i) of the basis functions. A unique solution for w in the above equation can be determined when n c is equal to the number of sampled points and using the Gram matrix [26] . Each candidate blade design in steps i) and iii) above goes through six stages to determine the COE, see Figure 5 . Table 2 and Figure 6 (top) depict the results from the optimization of Problem (1) using the NREL 5MW baseline wind turbine [7, 20] as the reference and MIRAS-FLEX to compute the AEP. Table 3 and Figure 6 (bottom) depict the results when a simple BEM code [18] is used instead of MIRAS-FLEX. Airfoils are comprised of a cylinder, Delft University (DU) airfoils, and a NACA airfoil as described in [7] . The reference structural layup is obtained from [20] . Rotor radius and tip speed are kept the same throughout the optimization. A Weibull probability distribution with shape and scale parameters of k = 2.48 and A = 7.68 m/s, respectively, was used to calculate the AEP. The total computational time for the MIRAS-FLEX and BEM based optimizations are approximately 56 and 7 hours, respectively. Note the framework has not been Step 3. Compute DLCs (FLEX5 -stiff rotor)
Results
Step 4. Structural Design (PreComp, BModes)
Step 5. optimized for speed, therefore the computational times given should be interpreted as maximum values. Table 2 and Table 3 show the results of COE, AEP, maximum flap-wise root-bending moment experienced in the DLCs (M flap ), thrust at rated wind speed (T rated ), and blade mass in tonnes (m blade ). Table 2 shows +1.89%, +1.87%, +5.47%, +0.19%, and +0.75% improvements for COE, AEP, M flap , T rated , and m blade , respectively, for the MIRAS-FLEX case. When using simple BEM, Table 3 shows +0.85%, +0.72%, +2.71%, +2.35%, and +1.95%, respectively. Figure 7 The 2 The wake was cut short to reduce computing time, therefore AEP for MIRAS-FLEX is larger than BEM. Consequently, COE for MIRAS-FLEX will be less than BEM as well, see Equation (2) .
depicts the exterior shape and interior structure of the blade for the baseline, MIRAS-FLEX solution, and BEM solution. The spar-cap thickness and web layup are plotted in Figure 8 for the MIRAS-FLEX (top) and BEM (bottom) solutions, respectively. Comparing the two designs in Figure 6 , differences are mainly seen at the blade tip for the chord distribution. The MIRAS-FLEX solution has a sharp blade tip, while the BEM solution does not. Detailed investigation of the local blade aerodynamics during power production and the DLCs is needed to determine the cause for the sharp blade tip. It is worth noting that very different approaches are used to model the flow near the tip in MIRAS and BEM. 
Conclusions
The majority of blade design problems rely on aero-elastic codes that use blade element momentum (BEM) approaches to model the rotor aerodynamics. The present work describes an approach to wind-turbine rotor design by incorporating a higher-fidelity free-wake panel aeroelastic code called MIRAS-FLEX. A framework comprised of MIRAS-FLEX, a structural design code, and a surrogate-based numerical optimization technique has been developed and applied to optimize the NREL 5MW baseline wind-turbine rotor. Comparisons were made by using MIRAS-FLEX and a simple BEM code to compute the annual energy production. Reductions in cost of energy were obtained for both cases. 
